Heidelberg Engineering, Heidelberg, Germany) stereometric parameters depend on the reference plane (RP), the instability of which results in parameter variability. Identification of change depends on RP stability. This study was undertaken to evaluate the influence of various RPs on rim areas (RAs) in a longitudinal image series. METHODS. A longitudinal image series of 31 subjects with ocular hypertension who had reproducible visual field loss and 19 normal subjects was analyzed using five different RPs: the standard RP (HRT software version 3.1.2.0), two 320-m RPs (software ver. 3.1.2.0 and 1.7.0), a previously described experimental RP, and a new Moorfields RP. The Moorfields RP takes the standard RP at baseline and then is fixed relative to the reference ring for subsequent images. Classic methods, such as ophthalmoscopy and stereophotography, are widely used and are still important. These techniques involve the clinical examination of the ONH, to detect abnormalities associated with glaucoma, such as rim narrowing and notching, and recognition of large or asymmetric cup-to-disc ratios. However, these methods have limitations, since they rely on subjective judgment, and agreement between even expert observers on the presence of glaucoma or progressive change is not optimal.
M orphologic changes at the optic nerve head (ONH) are a key feature of glaucoma. Qualitative and quantitative assessments of the ONH are established methods of detecting the disease 1,2 and identifying progression. 3, 4 Classic methods, such as ophthalmoscopy and stereophotography, are widely used and are still important. These techniques involve the clinical examination of the ONH, to detect abnormalities associated with glaucoma, such as rim narrowing and notching, and recognition of large or asymmetric cup-to-disc ratios. However, these methods have limitations, since they rely on subjective judgment, and agreement between even expert observers on the presence of glaucoma or progressive change is not optimal. [5] [6] [7] [8] [9] [10] Objective and reproducible measurements of the ONH surface topography are possible with scanning laser tomography. 11, 12 Although scanning laser tomography appears to be reproducible, 13 it is difficult to manage the large amount of data in the images to generate clinically useful information regarding change over time.
The HRT software applies two approaches to detection of change. The first is topographic change analysis, 14 in which the surface height in groups of pixels (super pixels) in follow-up images is compared with the surface height in the baseline image. Statistically significant change in surface height is color coded (red for relative depression, and green for relative elevation, compared to baseline). The second approach is to plot stereometric data, such as rim area (RA), over time. Currently, there is no statistical support in the software for this latter approach, but the potential value of quantifying RA over time to identify progression has been reported. [15] [16] [17] [18] [19] [20] [21] To generate stereometric parameter values, such as RA, an RP (below, and parallel to, the parapapillary retinal surface) must be placed in the topographic image. The stereometric parameters depend heavily on the position of this plane, and it is crucial that it maintain a fixed position in relation to the tissue of interest for stereometric parameter measurements to be reproducible. Fluctuation in the relative positions of the ONH surface and the RP causes a fluctuation in RA values, 13, [22] [23] [24] which may mimic or mask glaucomatous progression.
Many different reference surfaces have been proposed. 25, 26 Early versions of the Heidelberg Retina Tomograph (HRT; Heidelberg Engineering, Heidelberg, Germany) software used a curved reference surface. However, this was replaced by flat reference planes, 25 and various landmarks have been proposed for their positioning, such as peripapillary sclera, 27,28 retinal pigment epithelium (Tuulonen A, et al. IOVS 1993; 34 :ARVO Abstract 1729), peripapillary retina, 29, 30 and retinal height at the margin of the ONH. 25, 29 RA is one of the most reproducible stereometric parameters, 16, 17 distinguishes well between normal and glaucomatous subjects 31 and is useful in identifying progression. 16, 17 It also has the advantage of being familiar to clinicians. The purpose of this study was to investigate the effect of various RP definitions on RA values in subjects without risk factors for glaucoma (presumed stable) and in those with risk factors for glaucoma (ocular hypertension) who demonstrated visual field (VF) progression.
METHODS

Subjects
This was a retrospective analysis of images acquired in subjects with ocular hypertension taking part in a clinical trial 32 and normal subjects, without risk factors for glaucoma, 33 under observation in the Glaucoma Research Unit at Moorfields Eye Hospital. The two cohorts of subjects comprised 31 converters and 19 normal subjects (both defined later). The demographics of the subjects identified for this study are summarized in Table 1 . All subjects were imaged with the HRT during a 7-year follow-up (1994 -2001) and had undergone HRT imaging and perimetry at least six times. Different operators with various levels of experience had acquired the images because of turnover in research clinic technical staff over the period. The study adhered to the tenets of the Declaration of Helsinki and had appropriate institutional review board approval and the subjects' informed consent.
Normal subjects were volunteers: spouses or friends of hospital patients, hospital staff, or members of external nonmedical social organizations. They had IOP persistently less than 22 mm Hg, normal and reliable serial visual field (VF) results (Humphrey 24-2; Carl Zeiss Meditec, Inc, Dublin, CA), with an Advanced Glaucoma Intervention Study (AGIS) score of 0, no concurrent ocular disease, no family history of glaucoma, and refractive error less than 6 D. All were older than 40 years. The appearance of the ONH was not taken into account for entry into the study.
Converters initially had a diagnosis of ocular hypertension (IOP Ͼ 22 mm Hg); open angles on gonioscopy, refractive error less than 6 D, and no concurrent ocular disease and were older than 40 years. All had initially normal VF results (Humphrey 24-2; AGIS score ϭ 0) and began to show VF defects during the course of monitoring (AGIS VF score changed from 0 to Ͼ1 in three consecutive VF examinations, with the defect at the same test-point location).
Image Acquisition
Images were acquired with the HRT classic (from 1994 -2001). Three well-centered 10°single topography images were acquired at each session, without pupil dilatation.
Image Analysis
Three changes in the most recent version of the HRT3 software have the potential to improve the reproducibility of stereometric parameter measurements: improved image alignment, revised rules defining the position of the peripheral reference ring, and display of regions in the mean topography for which there is not complete overlap of component single topography images (this has the effect of increasing the imaged area in cases in which ONH centration varies in the component single topographies). The reference ring is the zero-referencing region for pixel heights. 25 It is centered on the image frame and located in its periphery with an outer diameter of 94% and a width 3% of the image size. In previous versions of the software, for analysis of image series, the reference ring was positioned in the outer limit of the region of the follow-up image for which there was complete overlap with the baseline image (Fig. 1, top) . Thus, the reference ring could vary in size and position from one follow-up image to another, depending on the degree of overlap with the baseline image. In the new version of the software, the reference ring's diameter is adapted according to the total region of the image (in which there may not be complete overlap of the component single topography images).
The baseline reference ring is aligned to retinal features so that its position is constant in the follow-up images ( Fig. 1, bottom) . If differences in ONH centration in follow-up images cause the reference ring to fall outside the imaged area, the region of the reference ring outside the image is given null height values and is not take into account in any calculations (Reutter M, Heidelberg Engineering, personal communication, 2008). Mean topography images from the converting eye in each of the subjects in the converter group and a randomly selected eye from each of the normal subjects were generated from triplets of single topography images which were acquired with the HRT Classic device. Images were processed in HRT-3 software (version 3.1.2.0) customized by the manufacturer to allow the application of the various reference planes, as well as an older version of the software (ver. 1.7.0), to enable analysis using the 320-m RP without the new alignment algorithm. Mean topographies with a mean pixel SD worse than 50 m were excluded. An ONH margin contour line was drawn corresponding to the inner margin of Elschnig's ring on the baseline mean topographic image of each subject. RA was calculated globally and regionally (six machine-defined sectors).
The software applies the same disc margin contour line to each image, permitting an exact comparison of RA generated with each reference plane.
The five RPs examined were as follows: ings. 26 For each eye, a mean topography image was selected to be the baseline image in which the position of the RP was determined, calculating the position as follows:
• LOW5%. The contour line's lowest region (LOW5%) was calculated. Heights 1°apart (360 data points) on the contour lines of single topography images (used to derive the baseline mean topography image) were read from the HRT software. Heights were ranked in each single topography image, from which the mean of the lowest 5% of heights was calculated. The means of the lowest 5% of heights for each of the three single topography images were averaged to arrive at LOW5%.
• R. The RP was positioned to ensure that it lay beneath the entire circumference of the contour line. An RP lying above part of the contour line underestimates adjacent rim tissue. To determine R, variability was analyzed in a longitudinal image series of normal control eyes. R was the distance of the RP beneath LOW5%, where RA variability was the least and was held constant once calculated. • REFdis. Once positioned at R, the z-axis distance of the RP below mean height of the contour line (MHC; which is the mean height of locations on the contour line measured in relation to the reference ring) was calculated for each ONH and called REFdis. MHC was used as a marker of the topographical z-axis position of the ONH. REFdis is unique to each ONH and, once calculated in the baseline image, is kept constant in all the images of an eye. By keeping REFdis constant, the height relationship between the ONH and RP was kept constant in image series of the same eye. REFdis can be expressed as: REFdis ϭ LOW5% ϩ R.
• REFpos. Position of the RP, or REFpos, can thus be expressed as: MHC ϩ REFdis ϭ MHC ϩ LOW5% ϩ R. 5. Moorfields RP: the standard RP is applied in the baseline image, and the height difference between the baseline RP and the reference ring is calculated and kept constant for follow-up images.
The relative positions of the five RPs are illustrated in Figure 2 .
Data Analysis
All statistical analyses were performed with commercial software (Medcalc ver. 7.4.2.0; Medcalc Software, Mariakerke, Belgium). Linear regression analyses of RA/time were performed for each longitudinal series of images, at each of the five RPs. Variability of the series was estimated by using residual SD (RSD) of the RA, for each RP, from the regression analyses. Residuals are derived from the differences between observed (y obs ) and predicted values (y est ). RSD is calculated from the SE of estimates (SE yx ) as:
Since it is of primary importance that a glaucoma tool have the capability of detecting progressive changes, unimpeded by measurement variability, the ratio between the slope and RSD (slope/RSD) was calculated.
All the results were compared by means of paired t-test with significance assumed at a level of 5% (P Ͻ 0.05).
RESULTS
Converters
The Standard RP demonstrated the highest rate of RA change over time and the experimental the lowest ( Table 2 ). The Moorfields RP had a steeper slope than did the experimental and the 320-m RPs (320 RPs), although the difference was not statistically significant. The rate of change was higher in the superior and inferior sectors of the ONH for every RP (Fig. 3) . The standard RP resulted in the greatest variability (highest global RA RSD), whereas the experimental RP resulted in the lowest (Table 3 ). The RSD with the Moorfields RP closely approximated that of the 320 RPs (as expected). The difference in RSD between the standard RP and the others was statistically significant (Table 3) . Each RP had lower RSDs in the nasal/inferior sectors and higher RSDs in the temporal sectors (Fig. 4) .
The standard RP had the lowest slope/RSD, indicating a relatively lower facility for identifying change (i.e., lowest signal-to-noise ratio). The Moorfields RP had the best performance (highest signal-to-noise ratio), although the differences between RPs was not statistically significant (Table 4) .
Normal Group
In the normal group, it is assumed that RA should be stable over time, and so the SD of RA measurements, rather than the RSD, was calculated. The SD was lowest in the experimental RP and highest in the standard RP (Table 5 ). The experimental RP was deepest relative to the reference ring, the Moorfields RP was less deep, and the Standard RP was the least deep.
DISCUSSION
There are several considerations regarding the choice of RP. The first consideration relates to the relative benefits of a plane anchored to the image periphery (such as the 320 RP) and one fixed at the optic disc margin (such as the standard RP). The first approach has the advantage of greater stability of the reference surface, and the second of being able to accommodate the morphologic diversity of ONHs, such as ONH tilt.
The second consideration is related to the funnel-shaped anatomy of the ONH: the slope of the cup varies with depth (gentler slope toward the ONH surface and steeper toward the lamina cribrosa), and this affects the variability of rim and cup measurements, with greater variability arising from RP movement where the rim slope is gentler. Given the changing slope of the cup border with depth in the image, the depth of the RP determines the degree of RA measurement variability-the RA SD and RSD tend to diminish with increasing RP depth. However, the slope (rim loss/time) also tends to diminish with increasing RP depth. Thus, measurement variability is not the only consideration in evaluating an RP. The purpose of imaging is to detect glaucomatous damage and progression-an RP that is perfectly stable but incapable of detecting change would not be fit for the purpose. It is the variability in relation to magnitude of true change that is important. The data presented show that although the experimental RP has the lowest variability (Table 3) , it also has the lowest slope of rim loss over time ( Table 2 ). The proposed Moorfields RP has slightly higher variability (Table 3) , but a higher slope of rim loss (Table 2) , and consequently, the ratio of rim loss to variability (signal-tonoise; Table 4 ) is greater (although not statistically significantly so), indicating a greater facility to detect progression.
The experimental RP has the deepest position in the image (Table 5 ) and the standard and Moorfields RPs the most superficial. To take an extreme case, if the RP is below the cup, the entire disc area is calculated as the rim. Since the disc area is fixed, the rim seems unchanging, and the RP has a good measurement reproducibility. To overcome this problem, we calculated the ratio between rim loss slope and RSD (signal-tonoise) to use as an evaluation parameter for judging the various RPs.
In this study, we compared five RPs. The 320 RP height is fixed relative to the mean height of the reference ring, whereas the others are more operator-dependent, since they rely more on the manually drawn ONH margin contour line. Both approaches have advantages and disadvantages. 
IOVS,
September 2008, Vol. 49, No. 9
Comparison of HRT Reference Planes 3973
The 320 RP has the advantage of a remarkable stability. However, in optic discs with oblique insertion, the temporal sector RA may be underestimated. On other hand, in advanced glaucoma the thinning of retinal nerve fiber layer may cause a small posterior shift of the RP. The stability of the 320 RP has been improved further with the new HRT-3 software. In previous software versions, the reference ring was confined to regions of overlap between image pairs, with the consequence that the reference ring frequently varied in size and position through a series over time. In the HRT-3 software, the reference ring maintains a fixed size and position in the image periphery (Fig. 1) .
The standard RP height is fixed relative to the height of the optic disc border and this permits an assessment of stereometric parameters that is relatively independent of the relative position of the ONH and parapapillary retinal surface (which may alter in ONH tilting). The temporal disc margin location was chosen, in part, because it was thought that the papillomacular bundle was relatively stable in thickness and affected only late in glaucoma. However, an OCT study has shown that the retinal nerve fiber layer thickness at the papillomacular bundle becomes thin in glaucoma. 34 The experimental RP was designed with the purpose of overcoming the limitations of the other RPs. It always lies below the ONH margin contour line, and it does not rely on a localized region at the ONH margin for the determination of its depth position. The experimental RP has the smallest rim loss slope and the smallest RSD. It also lies deeper, on average, in the topography, which this explains the study findings (the rim slope is steeper toward the depth of the cup, and sometimes the RP lies beneath the cup base).
The proposed Moorfields RP has been designed based on the idea of combining the stability of 320 RP with the adaptability (to individual ONHs) of the standard RP, which takes into account the morphologic variability of optic nerve heads and at the same time is linked to an anatomic region that is relatively more stable because the aforementioned changes described in macular and (presumably) papillomacular bundle. The result is that there is a trend for the Moorfields RP to provide the best slope/RSD ratio of all the RPs: This trend means that it combines good measurement reproducibility with good sensitivity to detect changes. It is particularly evident in the temporal superior and temporal inferior sectors. The differences in signal-to-noise ratio between RPs was not statistically, significant, however, and thus needs further investigation in a larger dataset. Furthermore, the clinical relevance of the finding needs to be established in independent longitudinal datasets.
It is also interesting to note the effect of the new alignment algorithm in the HRT-3 software on the performance of the 320 RP. The new alignment algorithm affords a slight improvement in RA variability (Table 3) , with a minimal effect on slope of RA/time ( Table 2 ). The higher ratio of slope:RSD (Table 4) indicates a modest improvement in the 320 RP's ability to discriminate change from measurement noise with the new alignment algorithm.
In conclusion, the Moorfields RP offers an improvement in the reproducibility of HRT stereometric parameters compared with the standard RP and, at the same time, may be more suitable for detecting change. 
